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1 ABSTRACT 

A number o f  cesium beam t u b e  a tomic  s t a n d a r d s  have e x h i b i t e d  a d e c r e a s i n g  

beam t u b e  c u r r e n t  w i t h  time. No tes t  p r e s e n t l y  performed a l l o w s  d i s c r i m i n a -  I 

t i o n  between t h e  p o s s i b l e  c a u s e s  o f  t h i s  d e c r e a s e .  Also ,  no test  p r e s e n t l y  

performed measures t u b e  s i g n a l - t o - n o i s e  performance d i r e c t l y ,  a c c u r a t e l y ,  and 

q u i c k l y .  T h i s  paper d e s c r i b e s  s u c h  a t e s t ,  which n o n i n v a s i v e l y  measures t h e  

t u b e  s i g n a l - t o - n o i s e  performance,  w h i l e  p o s s i b l y  p r o v i d i n g  i n f o r m a t i o n  t o  
I d i s c r i m i n a t e  between c a u s e s  o f  d e c r e a s i n g  beam t u b e  c u r r e n t .  The t e c h n i q u e  

c h a r a c t e r i z e s  cesium beam tube  performance w i t h o u t  measur ing c l o c k  f requency  

s t a b i l i t y .  Consequent ly ,  no e x t e n s i v e  a n a l y s i s  o f  long-term d a t a  is r e q u i r e d .  

INTRODUCTION 

I 

Clock performance is de te rmined  by t h e  s i g n a l - t o - n o i s e  r a t i o  of the 

d e t e c t e d  cesium (Cs) a tomic  resonance  a t  9 .2  GHz. I f  t h i s  r a t i o  d e g r a d e s ,  t h e  

I whi te -no i se  p a r t  o f  t h e  Al lan  v a r i a n c e  w i l l  degrade a c c o r d i n g l y .  The r a t i o  is 

more dependent  on t h e  performance o f  t h e  C s  i o n  d e t e c t o r  ( f i r s t  dynode) t h a n  

on t h e  g a i n  of t h e  rest o f  t h e  e l e c t r o n  m u l t i p l i e r  ( ~ i g .  1 )  ( succeed ing  dynode 

m u l t i p l i c a t i o n ) ,  u n l e s s  t h e  d e t e c t o r ' s  secondary  e l e c t r o n  emiss ion  is s e v e r e l y  

degraded.  R a d i c a l l y  r educed  emiss ion  from t h e  d e t e c t o r  is s i m i l a r  t o  reduced  

C s  beam f l u x  and degrades  t h e  s i g n a l - t o - n o i s e  r a t i o .  With t h i s  new proposed 

measurement sys tem we a r e  s t u d y i n g  t h e  o u t p u t - n o i s e  c h a r a c t e r i s t i c s  o f  t h e  

e l e c t r o n  m u l t i p l i e r  t o  de te rmine  whether it is p o s s i b l e  t o  a e p a r a t e  t h e  l o s s  

of f i r s t - d y n o d e  emiss ion  from emiss ion  l o s s  a t  s u c c e s s i v e  dynodes.  The l o s s  

o f  o u t p u t  s i g n a l  by up t o  an o r d e r  o f  magnitude h a s  been o b s e r v e d ,  and is 

a s c r i b e d  t o  m u l t i p l i e r  d e g r a d a t i o n .  
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Figure 1. Cesium beam tube electron multiplier 

DISCUSSION 

For an average Cs ion current I,-, into the first dynode of the electron 

multiplier in the Cs beam tube, the noise density QI(f) of the current will be 

given' by 

where q = charge on an electron = 1.602 x lo-' ' Coulomb. Then the signal-to- 

noise ratio for a 1-Hz noise bandwidth at the first-dynode input is 

signal power - ( d c  signal currentlL "CS) I - - - - C 3 - -  (SNR)i noise pouer/Hz Qi(f 1 2q 
( 2 )  

2q Ics 

Depending on the conversion efficiency of the first dynode and the gain of the 

remaining dynodes, the output signal-to-noise ratio of the multiplier will be 

degraded by some factor that we shal.1 c a l l  F. Then output signal-to-noise 

ratio for a 1-Hz noise bandwidth: 

The conversion efficiency of the first dynode 1s expected2 to be about unity, 

which will result in a degradation3, by a factor F of about two, of the 

signal-to-noise ratio at the output of the first dynode. The remaining 



dynodes w i l l  have a much l e s s e r  e f f e c t .  We t h e r e f o r e  e x p e c t  F t o  be s l i g h t l y  

l a r g e r  t h a n  two. If G and I, are r e s p e c t i v e l y  t h e  g a i n  o f  and t h e  c u r r e n t  o u t  

of t h e  e l e c t r o n  m u l t i p l i e r ,  we can w r i t e  

Combining (3 )  and ( 4 )  g i v e s  

Thus,  from measurements o f  I. and (SNR), we can c a l c u l a t e  t h e  f a c t o r  FG. From 

t h e  measurements of I, and (SNR), and t h e  c a l c u l a t i o n  o f  FG, we can deduce a 

number o f  t h i n g s .  Perhaps  most i m p o r t a n t ,  t h e  measurement o f  (SNR), s e t s  t h e  

minimum v a l u e  t h a t  t h e  Al lan  v a r i a n c e  o f  t h e  c l o c k  can have f o r  any g iven  l o n g  

i n t e g r a t i o n  t ime  T. (llLongn i n  t h i s  usage means t h a t  t h e  c l o c k  l o o p  g a i n  is 

very  h i g h  f o r  f r e q u e n c i e s  on t h e  o r d e r  o f  1/-r.) We can a l s o  make some d i s -  

t i n c t i o n s  between p o s s i b l e  c a u s e s  when I,, (SNR),, and FG change.  For exam- 

p l e ,  a g r a c e f u l  d e g r a d a t i o n  o f  e l e c t r o n  m u l t i p l i e r  g a i n  ( i . e . ,  where t h e  g a i n  

o f  each s t a g e  degrades  s l i g h t l y )  would r e s u l t  i n  I. and FG d e c r e a s i n g  propor- 

t i o n a t e l y ,  w i t h  (SNR),  s t a y i n g  e s s e n t i a l l y  c o n s t a n t .  I f  t h e  microwave power 

i n t o  t h e  t u b e  changed,  t h e  r e s u l t  would be a p r o p o r t i o n a l  change i n  I, and 

( S N R ) ~ ,  w i t h  FG s t a y i n g  c o n s t a n t .  Here we a r e  assuming t h a t  t h e  i n i t i a l  power 

s e t t i n g  was for  a maximum i n  1,. A change i n  t h e  c o n v e r s i o n  e f f i c i e n c y  of t h e  

f i r s t  dynode o f ,  s a y ,  from u n i t y  t o  one-ha l f  would r e s u l t  i n  1, approx imate ly  

h a l v i n g  ( a l t h o u g h  d a r k  c u r r e n t  would p r o b a b l y  c a u s e  t h e  change t o  be s l i g h t l y  

l e s s  t h a n  o n e - h a l f )  and (SNR),  d e c r e a s i n g 3  by a  f a c t o r  of approx imate ly  two t o  

t h r e e .  

MEASUREMENTS 

A block  diagram of  o u r  l a b o r a t o r y  measurement sys tem is  shown i n  

F i g u r e  2. The n o i s e  bandwidth (NBw) o f  t h e  30-Hz bandpass f i l t e r  was measured 

t o  be 7.23 Hz. The c h o i c e  o f  t h e  30-Hz measurement f r equency  is a r b i t r a r y ,  

s i n c e  t h e  n o i s e  d e n s i t y  o u t  o f  t h e  t u b e  is very  c o n s t a n t  w i t h  f requency  a s  
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F i g u r e  2. Block diagram o f  n o i s e  measurement sys tem 

p r e d i c t e d  by Eq.  ( 1  1. T h i s  is demons t ra ted  i n  F i g u r e  3. F i g u r e  3a shows t h e  

n o i s e  o u t p u t  o f  t h e  c u r r e n t - t o - v o l t a g e  ( I / V )  c o n v e r t e r  when i t  is t e r m i n a t e d  

i n  an impedance approx imate ly  e q u a l  t o  t h e  t u b e ' s  o u t p u t  impedance. F i g u r e  3b 

shows t h e  n o i s e  o u t p u t  of t h e  I/V c o n v e r t e r  when it is  connected t o  t h e  

t u b e .  The microwave power i n t o  t h e  beam t u b e  was a d j u s t e d  f o r  maximum c u r r e n t  

o u t  o f  t h e  t u b e .  The t u b e  used f o r  t h e  measurements was a commercial C s  beam 

t u b e .  A S p e c t r a l  Dynamic model SD301D spec t rum a n a l y z e r  was used f o r  t h e s e  

measurements. From F i g u r e  3b i t  is s e e n  t h a t  t h e  t u b e  n o i s e  d e n s i t y  is v e r y  

f l a t ;  it is abou t  37 dB above t h e  n o i s e  f l o o r  o f  t h e  measurement sys tem,  and 

about  30 dB above t h e  s p e c t r a l  s p i k e s  of t h e  measurement sys tem.  The average  

c u r r e n t  I, o u t  of t h e  t u b e  is  measured by c o n n e c t i n g  t h e  t u b e  d i r e c t l y  t o  a  

K e i t h l e y  model 485 picoammeter. F i g u r e  4 shows t h e  r e l a t i o n s h i p  between t h e  

i n p u t  and o u t p u t  power s p e c t r a l  d e n s i t i e s  of t h e  e l e c t r o n  m u l t i p l i e r .  The 

n o i s e  added a t  t h e  o u t p u t  r e s u l t s  from d e g r a d a t i o n  i n  t h e  g a i n  o f  t h e  e l e c t r o n  

m u l t i p l i e r ,  p r i m a r i l y  a t  t h e  f i r s t  dynode. To measure t h i s  n o i s e ,  a  bandpass 

f i l t e r  must be used t o  normal ize  t h e  n o i s e  power pe r  h e r t z .  

To i l l u s t r a t e  t h e  u s e f u l n e s s  o f  t h e  sys tem,  two exper iments  were per-  

formed. In  t h e  f i r s t ,  t h e  e l e c t r o n  m u l t i p l i e r  v o l t a g e  was v a r i e d  from -2000 V 







v o l t m e t e r  was measured t o  be 21.5 r 1 o8 x 1 .007 - 21 .65 x 1 o8 V/A.  Using t h e  

measured n o i s e  bandwidth o f  t h e  f i l t e r ,  t h e  (SNR), is c a l c u l a t e d  t o  be 

s i g n a l  power ( d c  s i g n a l  c u r r e n t )  2 

(SNR)o = n o i s e  power/Hz ( n o i s e  c u r r e n t / f i w  2 

FG can t h e n  be computed from Equat ion (5) t o  be 

1 From F i g u r e  5 we s e e  t h a t  FG is n e a r l y  a l i n e a r  f u n c t i o n  o f  Io, and t h a t  

(SNRlo d e c r e a s e s  s l i g h t l y  as I, d e c r e a s e s .  Both o f  t h e s e  r e s u l t s  are con- 

s i s t e n t  w i t h  e l e c t r o n  m u l t i p l e r  g a i n  d e c r e a s i n g  g r a c e f u l l y  w i t h  d e c r e a s i n g  

v o l t a g e .  

From F i g u r e  6 we s e e  t h a t  ( S N R ) ,  d e c r e a s e s  l i n e a r l y  w i t h  I. and that  FG 

s t a y s  e s s e n t i a l l y  c o n s t a n t .  Both o f  t h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  

c o n c l u s i o n  t h a t  by v a r y i n g  t h e  microwave power we a r e  n o t  changing e l e c t r o n  
I 

m u l t i p l i e r  performance ( i . e . ,  FG = c o n s t a n t ) ,  but  a r e  o n l y  a f f e c t i n g  (SNR), a s  

p r e d i c t e d  by Equat ion ( 3 ) .  

A p r i n t o u t  of a  t y p i c a l  data o u t p u t  is shown i n  Tab le  1 .  The d a t a  set 

c o n s i s t s  of 50 a v e r a g e s ,  each  10 sec long .  Each a v e r a g e  is p r i n t e d  o u t ,  a l o n g  
1 

w i t h  t h e  mean o f  t h e  data se t .  A l i n e a r  l e a s t - s q u a r e s  f i t  t o  t h e  d a t a  set  is 

computed, t h e n  t h e  s t a n d a r d  d e v i a t i o n  abou t  t h i s  f i t  is computed and p r i n t e d  
1 o u t ,  a l o n g  w i t h  t h e  s l a p e  and Y - i n t e r c e p t  o f  t h e  f i t .  The s t a n d a r d  d e v i a t i o n  

o f  t h e  mean o f  t h e  d a t a  set is c a l c u l a t e d  by d i v i d i n g  t h e  s t a n d a r d  d e v i a t i o n  

of t h e  d a t a  s e t  by t h e  s q u a r e  r o o t  o f  t h e  number of samples .  Thus, f o r  

example,  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  0.3358-V mean i n  t h e  data s e t  would be 

I 0 . 0 1 2 3 / m  = 1.47 mV. To de te rmine  t h e  no i se  f l o o r  o f  t h e  measurement sys tem,  



a  s i m i l a r  r u n  was made w i t h  the I/V c o n v e r t e r  t e r m i n a t e d  i n  an  impedance 

comparable t o  t h a t  f o r  t h e  beam t u b e  o u t p u t .  With t h e  HP 3400 s c a l e  s e t  t o  

10 m V ,  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  d a t a  s e t  was c a l c u l a t e d  t o  be 6.83 mV. 

T h i s  d a t a  s e t  a l s o  c o n s i s t e d  o f  50 a v e r a g e s ,  each  1 0  s e c  long.  The s t a n d a r d  

d e v i a t i o n  of  t h e  mean would t h e n  be 6 . 8 3 / a  = 0.966 mV. The HP 3400 o u t p u t s  

1 V f o r  a f u l l - s c a l e  r e a d i n g ,  no m a t t e r  what s c a l e  it is s e t  o n ;  t h i s  means, 

f o r  example,  t h a t  t h e  measurement sys tem n o i s e  f o r  t h e  0.3358-v mean, which 

r e s u l t e d  from a v e r a g e s  taken on t h e  300-mV s c a l e ,  would be approx imate ly  

(300/10)  x (335.8/0.966) = 10,494 t i m e s  below t h e  mean. I n  o t h e r  words ,  t h i s  

means t h a t  t h e  n o i s e  f l o o r  is abou t  80 dB below t h i s  measurement. The w o r s t  

n o i s e - f l o o r  c o n t r i b u t i o n  f o r  a l l  o f  t h e  d a t a  o f  F i g u r e s  4 and 5 o c c u r r e d  f o r  

t h e  l a s t  p o i n t  i n  F i g u r e  4. For t h i s  p o i n t  t h e  n o i s e  f l o o r  was abou t  

(30/10)  x (488.9/0.966) = 1518 t i m e s  below t h e  mean. T h i s  e q u a t e s  t o  a n o i s e  

f l o o r  abou t  64 dB below t h e  measurement. I n  s h o r t ,  t h e  d a t a  a r e  n e g l i g i b l y  

l i m i t e d  by e i t h e r  n o i s e  i n  t h e  s i g n a l  i t s e l f  o r  i n h e r e n t  i n  t h e  measurement 

sys tem.  

Table  1 .  Measurement d a t a  o f  t h e  e l e c t r o n  m u l t i p l i e r ' s  
r e l a t i v e  g a i n  and o u t p u t  s i g n a l - t o - n o i s e  r a t i o  

V, VALUES (taken with HP-9400 on 300.mV scale) 

-0.3297920 -0.3356450 -0.3129540 -0.3559810 -0.3387390 
-0.3462920 -0.3225170 -0.3421480 -0.3372390 -0.3423870 
- 0.3288920 - 0.3502590 - 0.3549790 - 0.3369340 - 0.3359900 
- 0.338561 0 - 0.3541650 - 0.3443630 -0.3526960 - 0.3500570 
-0,3259510 -0.3168740 -0.3419060 -0.3240740 -0.3483840 
- 0.3225750 - 0.3490520 - 0.3224680 -0.3489750 - 0.3285940 
- 0.3487700 - 0.3423870 - 0.3348590 - 0.3162830 - 0 3180940 
-0.3290710 -0.3400840 -0.3512980 -0.3155360' -0.3290930 
- 0  3410310 - 0.3448130 

NO. OF POINTS = 50 
INTEG TIME (sec) = 10.00000000 

MEAN = -0.33581286 
STD DEVIATION = 0.01233401 

SLOPE = 0 00011999 
V INTERCEPT = -0.33887260 

FG = 187304.88 
(SNR), = 83144 879 

How t h e s e  measurements would be implemented i n  t h e  o n - o r b i t  s i t u a t i o n  

depends on t h e  v a l u e  o f  t h e  a v a i l a b l e  t e l e m e t r y .  I f ,  f o r  example,  a wideband 

a n a l o g  channe l  is a v a i l a b l e ,  t h e  o u t p u t  of t h e  I/V c o n v e r t e r  can be brought  

down d i r e c t l y  and ana lyzed  on t h e  ground. If only very  narrowband c h a n n e l s  

a r e  a v a i l a b l e ,  t h e  measurement o f  V N  must be made onboard.  T h i s  r e q u i r e s  a 



b 

f i l t e r  such  as t h e  30-Hz f i l t e r  used h e r e i n ,  as w e l l  as a c i r c u i t  t o  compute 

I vN. T h i s  is e a s i l y  done w i t h  a t r u e  rms-to-dc c o n v e r t e r  s u c h  a s  a n  Analog 

Devices A D  636. S i n c e  I. is  p r e s e n t l y  measured and t e l e m e t e r e d  down, t h e  

a d d i t i o n a l  c i r c u i t r y  needed amounts t o  o n l y  a  few c h i p s  and a h a n d f u l  o f  o t h e r  
I 

components. We s h o u l d  a l s o  p o i n t  o u t  t h a t  i f  t h e  I / V  c o n v e r t e r  of a 

I p a r t i c u l a r  c l o c k  is narrow-banded, as is sometimes t h e  case, it would have t o  

be modi f i ed  t o  p a s s  t h e  f r e q u e n c i e s  o v e r  which VN is measured. Th i s  s h o u l d  

p r e s e n t  no t e c h n i c a l  problems. 

SUMMARY 

A s i m p l e  t e s t  t o  de te rmine  t h e  s i g n a l - t o - n o i s e  performance o f  a f requency 

s t a n d a r d  q u i c k l y ,  a c c u r a t e l y  and n o n i n v a s i v e l y  h a s  been d e s c r i b e d .  T h i s  test 

also p e r m i t s  some degree  o f  d i s c r i m i n a t i o n  between s e v e r a l  p a s s i b l e  c a u s e s  o f  

performance d e g r a d a t i o n  i n  f requency  s t a n d a r d s .  A l a b o r a t o r y  t e s t  s e t u p  was 

des igned  and c o n s t r u c t e d  t o  examine t h e  u s e f u l n e s s  of t h e  proposed t e s t .  The 

agreement between t h e  t e s t  r e s u l t s  and t h e  a n a l y t i c a l  p r e d i c t i o n s  was found t o  

be e x c e l l e n t .  
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